ABSTRACT
Robertsonian translocation, four cases each with two isochromosomes and UPD of the short arm isochromosome and opposite UPD of the long arm isochromosome, three cases with UPD and an isochromosome of the short arm and the long arm of a metacentric or a submetacentric chromosome, one case with maternal UPD and an isochromosome 8 associated with a homozygous deletion (8)(p23.3pter), 42 cases with UPD and an isochromosome of the long arm of an acrocentric chromosome, 33 cases with UPD and a supernumerary marker or ring chromosome, 17 cases with UPD of a whole or parts of a chromosome and a complex karyotype, 13 cases with most likely mosaicism for genome wide paternal UPD, and three cases with most likely mosaicism for genome wide maternal UPD were found. Conclusion: This update shows that, in particular, the number of reported cases with segmental UPD or UPD associated with a marker chromosome clearly increased within the last few years, and that the investigation of both parents in cases with homozygosity of an autosomal recessively inherited mutation in some cases might help improve genetic counselling, resulting in a reduced recurrence risk in the case of UPD. Moreover, cases with segmental or complex UPD show that meiosis and early postzygotic mitoses seem to be more complex events than previously thought. For the formation of all kinds of segmental or complex UPD or genome wide UPD mosaicism, always a fortunate co-occurrence of meiotic or mitotic recombination, abnormal segregation, and subsequent correction are necessary. No case of recurrence has been reported until now. Therefore, in subsequent pregnancies invasive prenatal diagnosis is not necessarily indicated.
Seven years ago, in this journal I published a review entitled ''Complex and segmental uniparental disomy (UPD) -review and lessons from rare chromosomal complements. 1 One year later I discussed the problem of a supernumerary marker chromosome (SMC) associated with UPD of the same chromosome in more detail. 2 In 2001, 12 cases with segmental UPD associated with a cytogenetically normal karyotype, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 22 cases with UPD of a whole chromosome and a simple reciprocal or non-homologous Robertsonian translocation, 45 cases with UPD and a cytogenetically defined isochromosome, 16 37-76 and 21 cases with UPD of parts of a whole chromosome and a complex chromosomal rearrangement [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] were found in the literature. Meanwhile, the number of patients in all groups has increased.
Therefore, all cases with complex or segmental UPD published in PubMed or in the abstract books of the annual meetings of the American and the European Societies of Human Genetics up to March 2008 were reviewed again. In addition, new findings in UPD research will be discussed comprehensively. As in the first paper, segmental UPD will be defined as UPD of a part of one chromosome (interstitial or telomeric) together with biparental inheritance of the rest of this pair of chromosomes and a normal karyotype ( fig 1A,B) . Complex UPD will now be subdivided into five groups: (a) UPD of a whole chromosome associated with a ''simple'' translocation or a Robertsonian translocation of two non-homologous acrocentric chromosomes ( fig 1C,D) ; (b) UPD associated with two isochromosomes, each one made of the short and long arms of a non-acrocentric chromosome ( fig 1E,F) or with a Robertsonian translocation between homologous acrocentric chromosomes ( fig 1G) ; (c) UPD of a whole chromosome associated with a supernumerary marker or ring chromosome ( fig 1H) ; (d) ''sensu strictu'' complex UPD defined as UPD of a part or of a whole chromosome directly involved in or associated with a structural and/or numeric chromosomal complement other than (a) or (b); and (e) most likely mosaicism for genome wide maternal or paternal UPD ( fig 1E) . Figures explaining the formation of segmental UPD, UPD associated with an isochromosome, and UPD associated with an SMC will be provided in the supplemental material, as already published in the 2001 paper.
Basic knowledge on UPD includes the following points: First, uniparental disomy is defined as the inheritance of both homologues of a pair of chromosomes from one parent only. Second, heterodisomy means that both parental homologues are present, while isodisomy refers to the presence of two copies of one parental homologue. Third, problems associated with UPD are trisomy mosaicism, homozygosity of autosomal recessively inherited mutations, Romozygosity of X-chromosomally inherited disorders in women, and aberrant genomic imprinting. Finally, mechanism of formation of UPD of a whole chromosome are trisomy or monosomy rescue, gamete complementation, and post-fertilisation error. The concept of UPD was introduced by theoretical considerations in medical genetics by Eric Engel in 1980. 94 The first proven case of whole chromosome UPD was published in 1987.
SEGMENTAL UPD ASSOCIATED WITH A NORMAL KARYOTYPE
Apart from mosaicism for paternal UPD of the chromosomal segment 11p15-.pter, which is found in 10-20% of cases affected by Beckwith-Wiedemann syndrome (BWS), 95 revised 11 cases with segmental UPD and a normal karyotype were reported up to 2001 (table 1) . 3-8 10-14 Meanwhile, several new cases have been published. [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] One case 9 was corrected after testing more markers, and was now assumed to result from a microsatellite marker mutation. 114 Most of the new cases were ascertained by homozygosity for a mutation causing an autosomal recessively inherited disorder and present in only one parent. 96-102 105 107 Nine cases were detected by other Figure 1 Diagrams of segmental and complex uniparental disomy (UPD): (A) telomeric segmental UPD; (B) interstitial segmental UPD; (C) UPD associated with a ''simple'' translocation; (D) UPD associated with a translocation of nonhomologous acrocentric chromosomes; (E) pat/mat UPD associated with two isochromosomes, one of the short and one of the long arm of a non-acrocentric chromosome; (F) UPD associated with two isochromosomes of the same parental non-acrocentric chromosome; (G) UPD associated with a translocation between two homologous acrocentric chromosomes; (H) ''sensu strictu'' complex UPD in the instance of an additional marker chromosome; and (I) genome wide UPD mosaicism (here the symbols represent not a chromosome but a haploid genome). approaches. One case of childhood onset schizophrenia associated with telomeric segmental isodisomy 5q was found during a whole genome screening of a cohort of patients with childhood onset schizophrenia. 103 Zühlke et al described a case with spinocerebellar ataxia type 17 and a homozygous repeat expansion in the TBP gene. 104 The unavailability of parental DNA questions the results, but both parents were noted as being healthy and the identical mutation event in maternal and paternal meiosis seems highly unlikely. In a study on the relevance of UPD for spontaneous abortions Tsukishiro et al found telomeric maternal isodisomy 7q. 106 Genes on 7q are considered to be relevant for autism spectrum disorder; so in a study on 60 pedigrees each with at least one individual affected by autism spectrum disorder, one case of not exactly defined interstitial maternal UPD 7q was identified. 108 Haag et al assumed UPD 11q23.3-.qter in the mother of two brothers with Jacobson syndrome due to an identical deletion 11q23-.qter, but grandparents were not available. 109 Two new cases of segmental paternal UPD 14, one with telomeric isodisomy 14q23.3-.qter and a second with isodisomy 14q12-.qter, show the typical clinical picture of paternal UPD 14. 110 111 Furthermore, Nazarenko et al reported the only case so far of Prader-Willi syndrome (PWS) with segmental maternal heterodisomy 15q12-.q13. 112 Finally, Hussain et al 113 described a case with mosaic interstitial paternal isodisomy 11p15.1 and atypical diffuse congenital hyperinsulinism.
UPD OF A WHOLE CHROMOSOME ASSOCIATED WITH A ''SIMPLE'' TRANSLOCATION OR A ROBERTSONIAN TRANSLOCATION
In 2001, revised 18 cases with UPD of a whole chromosome and a ''simple'' reciprocal translocation and four cases with UPD of a whole chromosome and a non-homologous Robertsonian translocation were found in the literature (table 2) . Meanwhile, the figure increased to 38. [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] Cases of UPD associated with a non-homologous Robertsonian translocation demonstrated by molecular methods were not considered, if no information on parental origin was given. Apart from one case, who was described as a balanced 3/15 translocation of maternal origin associated with maternal uniparental heterodisomy 15 resulting in PWS, 127 all new cases showed non-homologous Robertsonian translocations. Now, there is one case with a 13/ 14 translocation and maternal UPD 13 and there are four cases with a 13/14 translocation and a paternal UPD 13, 20 cases with 34 35 128 and in two families with a maternal 13/15 translocation. 32 33 So far, only one case of Angelman syndrome due to paternal UPD 15, associated with a Robertsonian translocation, has been described. 124 
UPD OF A WHOLE CHROMOSOME ASSOCIATED WITH A CYTOGENETICALLY DEFINED ISOCHROMOSOME
UPD associated with an isochromosome and a correct amount of genetic material is possible (a) in the case of an isochromosome replacing the two homologues of a pair of acrocentric chromosomes, or (b) by isochromosomes both of the short arm and of the long arm of a non-acrocentric chromosome. Fortyfive patients falling into this category have been described up to 2001 (table 3) . 16 37-76 Three of these cases carried an isochromosome of the short arm and an isochromosome of the long arm, the isochromosomes being of opposite parental origin. 38 42 43 Meanwhile, only seven new cases were reported. [129] [130] [131] [132] [133] [134] [135] These cases comprise five patients with an isochromosome 14q, [129] [130] [131] [132] [133] one patient with an isochromosome 15q, 134 and one healthy man with a paternal isodisomic i(2p) and a maternal heterodisomic i(2q). 135 The finding of heterodisomy in the latter 
UPD OF A WHOLE CHROMOSOME ASSOCIATED WITH A MARKER OR A RING CHROMOSOME
In [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] are discussed separately (table 4) . Röthlisberger et al reported on a 6-year-old girl with mental retardation, microcephaly, facial dysmorphisms, a de novo 47,XX,der(1)(p21.1q12)/46,XX karyotype, and maternal heterodisomy 1. 136 The facts that the derivative chromosome 1 carried euchromatic material and that maternal UPD 1 per se is without a phenotype, 154 makes UPD unlikely to be causative for the clinical findings. A case of maternal uniparental heterodisomy 7 associated with an SMC(7) in 36% of cells exhibited SilverRussell syndrome. 137 Anderlid et al reported on a girl with mental retardation, no obvious dysmorphisms, a de novo 47,XX,r(9)(p10p12) karyotype, and maternal uniparental heterodisomy 9.
139 Von Eggeling et al described a healthy newborn aged 6 weeks with a 47,XX,mar(12)/46,XX karyotype and maternal heterodisomy 12.
140 So, maternal UPD 12 appears also to be without phenotypical effects. Furthermore, three cases with UPD 14 and mosaicism for an SMC (14) were reported. 120 141 The first was a female with the typical findings of paternal UPD 14. 141 The second and the third were males and showed maternal heterodisomy 14. 120 Clinical features of the second included symmetrical growth retardation, retarded bone age, small hands and feet, muscular hypotonia, delay of motor development, recurrent middle ear infections, and mild facial dysmorphisms. 120 For the third only asymmetric growth retardation at birth were reported. 120 The number of cases with UPD 15 associated with a der(15) increased to 17.
35 69 80-85 [144] [145] [146] [147] [148] [149] In three of these cases the der(15) was defined as del(15q) and in one patient as an r(15). 35 146-148 All other SMCs (15) 87 Bartels et al described a healthy 18-month-old girl with confined placental mosaicism of trisomy 22 and a small SMC (22) and maternal UPD 22 in blood. 153 In a systematic search for SMCs, Bartsch et al found one case of mosaicism for inv dup (22) and maternal UPD 22 out of 43273 prenatal samples. 152 Also a de novo SMC (idic (22) ) was reported in a child with PWS due to maternal uniparental heterodisomy 15.
150
Together with a case of PWS due to maternal UPD 15 associated with a SMC(X), 80 now two cases with maternal UPD 15 and an SMC of another chromosome have been reported. Unfortunately, in both cases the parental origin of the SMC was not determined.
UPD OF A PART OR OF A WHOLE CHROMOSOME DIRECTLY INVOLVED IN OR ASSOCIATED WITH A COMPLEX STRUCTURAL AND/OR NUMERIC CHROMOSOMAL COMPLEMENT
Up to 2001, only nine cases with a whole chromosome directly involved in or associated with a complex structural and/or numerical chromosomal complement were reported (UPD with a supernumerary marker or ring chromosome excluded) (table 5) . 79 86 87 89-93 Meanwhile, several cases, which were not listed or wrongly listed in the 2001 paper came to my attention. 29 155-161 Among others there are three cases with non-disjunction of two chromosomes and segmental UPD. First, Starke et al reported on a 2-month-old boy with free trisomy 21 due to maternal non-disjunction, mosaicism for an SMC originating from chromosome 4, and maternal uniparental isodisomy 4p15-16. 156 The boy has the clinical features of trisomy 21 but no additional anomalies. Parker et al reported on a patient with a Klinefelter karyotype due to maternal nondisjunction of the X chromosome, mosaicism for an SMC (6) , and maternal UPD 6. 157 Finally, Tsai et al described a child with Angelman syndrome due to paternal uniparental heterodisomy 15 associated with a paternal 13/15 translocation, segmental paternal isodisomy 13, and features of trisomy 13. 160 The mechanism of formation of the aberrant karyotype in all three cases was most likely non-disjunction for two different chromosomes in meiosis followed by either two breaks (one on the short and one on the long arm of the unseparated chromosomes) subsequent to a mitotic recombination between one maternal and one paternal chromosome, or trisomy or monosomy rescue. Park et al described a 17-year-old boy with PWS caused by maternal heterodisomy 15 and a 47,XY,+der(15)t(3;15)(p25;q11.2) karyotype due to an adjacent one segregation of a balanced paternal 46,XY,t(3;15)(p25;q11.2) translocation. 29 Bartsch et al reported on two cases with UPD 21 and chromosomal rescue over time. 161 The first child revealed a 
GENOME WIDE MATERNAL OR PATERNAL UPD COMBINED WITH BIPARENTAL INHERITANCE)
Up to now, 10 cases with most likely genome wide maternal or paternal UPD in a proportion of cells/tissues, biparental disomy Review in various other tissues, and a living child have been reported (table 6) . [162] [163] [164] [165] [166] [167] [168] [169] [170] In addition, six cases displayed genome wide paternal UPD in the placenta only. [171] [172] [173] [174] Genotype-phenotype correlation is hampered by mosaicism, but all liveborns resemble in one part or more known imprinting disorders associated with paternal UPD 6, 11p15, 14, 15, and 20. The most impressive case was reported by Bryke et al. 164 The girl was affected by transient neonatal diabetes mellitus (pat UPD 6), hepatosplenomegaly and limb asymmetry (pat UPD11p15), as well as rib anomalies (pat UPD 14). Muscular hypotonia, seizures, and ataxia (pat UPD 15) were seen in her as well as nodular adrenal hyperplasia (pat UPD 20) . Five cases with genome wide paternal UPD in blood showed features of paternal UPD 11p15. [162] [163] [164] [165] In one case the genome wide paternal UPD was restricted to the tumour only. 165 In another case genome wide paternal UPD was found in up to 60% of the placenta, hepatic mesenchymal hamartoma, and normal liver tissue. 167 The three cases with genome wide maternal UPD comprise one case with a 46,XX/46,XY karyotype, a normal male phenotype, and maternal uniparental isodisomy, 169 and one case with maternal isodisomy in blood, biparental marker inheritance in skin fibroblasts, a 46,XX/46,XY karyotype, left sided hemifacial microsomia, small testes, mild learning difficulties, and intermittent aggressive behaviour. 170 In addition, there is one case of premature termination of pregnancy with a fetus showing a 46,XX/46,XY karyotype, but an obviously normal male phenotype at least as could be judged by prenatal ultrasound examination. 168 
DISCUSSION
The mechanism of formation of UPD is an important point when it comes to assessing the risk for adverse outcome (particularly in prenatal diagnosis), not only in most cases of whole chromosome UPD but also in cases with segmental or complex UPD. Apart from trisomy rescue and the rare postfertilisation errors, gamete complementation or monosomy rescue might particularly be assumed in some cases of UPD for an acrocentric chromosome and a non-homologous Robertsonian translocation including this chromosome in the opposite parent. However, so far no case has been proven unambiguously. Therefore, the question of whether, in prenatal diagnosis of Robertsonian translocations, only a UPD of the translocation carrying parent or also the opposite UPD should be investigated, cannot be answered conclusively. In most cases, in practice it will happen anyway by informativity of the markers. According to several retrospective studies the risk for UPD 14 in prenatally diagnosed de novo or familial Robertsonian translocations including chromosome 14 is low. 16 115 125 175 Nevertheless, particularly if chorionic villi sampling or amniocentesis have been performed for other reasons, investigation for UPD 14 should be performed in conjunction with adequate genetic counselling, particularly reflecting the variable phenotype of maternal UPD 14. Even much rarer familial reciprocal translocations associated with UPD of a whole chromosome have been described. In such cases, the indication for an invasive prenatal diagnosis should be discussed critically. 176 So far, no case of a de novo balanced nonRobertsonian translocation associated with UPD of one of the translocation chromosomes has been reported. The case of maternal UPD 16 associated with a 10/16 translocation reported by Wang et al 36 shows also mosaicism in chorionic villi indicating a trisomy rescue mechanism.
Recurrence risk after birth of a child with segmental or complex UPD seems to be negligible. All mechanisms of formation leading to UPD are so complex, that recurrence is very unlikely. Starting with non-disjunction, germ line mosaicism for a disomic gamete might be possible, but subsequent pregnancies will terminate by spontaneous abortion with high probability. Most cases of segmental uniparental isodisomy seem to be detected by chance (that is, in the case of homozygosity for an autosomal recessively inherited mutation, which is present in one parent only) or in patients with a phenotype resembling a disorder caused by abnormal genomic imprinting. The hypothesis of a meiotic non-disjunction also as the first step towards segmental isodisomy in most cases is supported by the increasing number of cases with whole chromosome UPD and no phenotype directly related to UPD. 154 As discussed in the 2001 review, mitotic formation would only be detectable by molecular methods if there is a tissue specific selection or one of the resulting UPDs would be lethal. Therefore, a normal phenotype of individuals with UPD of this chromosome as a whole should exclude lethality of UPD of this segment. Nevertheless, in cases with segmental UPD-particularly if there is a phenotype not to be explained by the UPD-the possibility of presence of low level trisomy mosaicism and its clinical consequences should not be forgotten in genetic counselling. The large number of cases with segmental UPD ascertained by homozygosity of an autosomal recessively inherited mutation underlines the importance of demonstrating the mutation in both parents, as in such cases a lower recurrence risk can be given.
UPD associated with an isochromosome is formed either by: (a) meiotic misdivision at the centromeres resulting in a gamete with an isochromosome, fertilisation by a normal gamete, and subsequent mitotic loss of the homologous chromosome (''trisomy rescue''); or (b) meiotic misdivision and fertilisation by a nullisomic gamete (''gamete complementation''); or (c) mitotic misdivision at the centromeres of sister or non-sister chromatids in a trisomic zygote associated with a subsequent loss of the homologue; or (d) mitotic misdivision at the centromere in a monosomic zygote (''monosomy rescue''). 1 The time and mechanism of formation of cytogenetically defined isochromosomes of acrocentric chromosomes associated with UPD remains speculative. Except for one case of uniparental heterodisomy, all paternal UPDs display isodisomy. For maternal UPD nine out of 24 cases were isodisomic. Inheritance has been demonstrated for three cases, one with an isochromosome 13q and two with an isochromosome 22q. 48 74 75 Inheritance of isochromosomes with an identical imprint is only possible if the isochromosome in the parent arose mitotically out of a zygote with biparental inheritance of these chromosomes. So, besides the necessity for trisomy rescue or a gamete complementation mechanism in the child, only two generation families should be possible. For de novo isodisomic cases, a monosomy rescue mechanism by centromeric misdivision subsequent to fertilisation of a monosomic gamete by a gamete nullisomic for this chromosome or a trisomic zygote followed by a trisomy rescue and a centromeric misdivision are possible. The first seems to be more likely besides others due to the lack of cases with trisomy mosaicism. Interestingly, in contrast to the general finding of a 2:1 proportion for maternal hetero-and isodisomy, 154 the majority of non-homologous Robertsonian translocations associated with maternal UPD of one of the chromosomes involved displays heterodisomy (22:3) . However, excluding the inherited cases, which must be heterodisomic, the proportion is adequate to the general result. Up to now, seven out of 10 de novo Robertsonian translocations have been found to be heterodisomic.
In early-and therefore unbiased by a clinical phenotypeperformed prenatal diagnoses of 13/14 translocations, only one case with maternal UPD 13 was reported. 16 What could be the reasons? Because trisomy 13 is viable, while non-mosaic trisomy 14 has never been reported in the literature, the selection for free trisomy 13-particularly in the first weeks-should not be stronger than for free trisomy 14. In addition, there are no arguments that non-disjunction of chromosome 14 is more frequent than non-disjunction of chromosome 13. Therefore, postzygotic formation of the 13/14 translocation and loss of the paternal chromosome 14 is less likely than meiotic (or premeiotic) formation of the 13/14 translocation and associated chromosome 14 non-disjunction in meiosis followed by trisomy rescue. Maybe there is a mechanism making a 13/14 translocation more vulnerable to chromosome 14 than chromosome 13 non-disjunction.
UPD associated with an SMC is formed either by: (a) functional trisomy rescue by mitotic reduction of the single homologue in a zygote carrying a normal homologue from one parent and a normal homologue and a SMC from the other parent; or (b) postzygotic reduplication of the normal homologue by fertilisation of a normal gamete by a gamete carrying the SMC; or (c) post-fertilisation errors by either mitotic nondysjunction followed by reduction of the single homologue or vice versa; or (d) complementation by fertilisation of a disomic gamete by a gamete carrying the SMC.
2 So, the most likely mechanism of formation is a postzygotic event. This assumption is supported by the observed expiration of: (a) trisomy due to meiotic non-disjunction; (b) marker formation out of the single parental chromosome; and (c) loss of the marker resulting in UPD, as in a case reported by Bartels et al. 153 As depicted in table 4, the number of cases with SMC(15) in association with uniparental disomy has increased. Apart from UPD the clinical consequences will depend on the parental origin and the size of the marker chromosome. The phenotype of large SMCs(15) associated with biparentally inherited chromosomes 15 is characterised by muscular hypotonia, developmental delay, seizures, and autism. 177 Almost all inv dup(15) associated with biparental inherited chromosomes 15 are maternally derived. 178 The few cases investigated by family studies or somatic cell hybrids demonstrate inter-and intrachromosomal formation. As parental origin of the UPD and the marker from the same parent would require a very complex mechanism of formation, the parental origin of most SMC (15) will be opposite to the parental origin of the UPD. Only two cases displayed maternal uniparental heterodisomy 15 and an associated symmetric inv dup (15) including the PWS/AS region of paternal origin. 144 149 The first case displayed normal measurements at birth, developmental delay, and minor facial dysmorphisms resembling PWS, but no muscular hypotonia. 144 The authors speculate about partial rescue of the PWS phenotype. However, mosaicism was of low level (20%) and only determined in lymphocytes. For the second case no clinical details are given, but mosaicism was low as well. 149 A clinical rescue mechanism is also unlikely because gene dosage and expression should be increased and in healthy people there is no hint towards reciprocal neutralisation of maternally and paternally imprinted genes on 15q12. The number of cases with inv dup (15) and UPD 15 looks high, but keeping in mind that more than 50% of all SMCs derive from chromosome 15, the ratio seems to be similar to the frequency of UPD in other SMCs. Interestingly, to the best of my knowledge, there is no case with UPD and an inherited SMC, neither an SMC(15) nor any other SMC.
Genome wide UPD associated with a biparentally inherited karyotype in living newborns is a rare finding. It should not be confounded with chimerism, which describes the postzygotic fusion of two regularly fertilised normal eggs. In contrast, genome wide UPD associated with a biparentally inherited karyotype is considered to be formed mainly by three mechanisms (fig 2) : (a) fertilisation of an egg by one sperm followed by endoreduplication of the haploid genome of the sperm, division in a biparental diploid cell, and a paternal haploid cell, and somatic reduplication of the paternal genome in the latter; (b) fertilisation of an egg by two sperms followed by a division in a dizygotic daughter cell with a biparental genome and a daughter cell with a haploid paternal genome and again mitotic reduplication in the latter; or (c) regular fertilisation of both an empty egg as well as a normal egg by each one sperm followed by diploidisation of the chromosomal complement of the cell with the haploid paternal genome and amalgamation of both cell populations (fig 2) . Such rescue mechanisms following one after another appear to be more likely than the co-occurrence of independent events by chance as, for example, the mechanism leading to a 47,XXY zygote followed by an independent loss of an X and an Y chromosome. 179 As YY cells are not viable in mechanism 1 only female newborns are possible. Vice versa, to result in a newborn male in the second and the third mechanism only one of the two sperms may carry an X chromosome and exact this sperm must become reduplicated. So, the rarity of boys with genome wide UPD associated with a biparentally inherited karyotype is explained. The phenotype of cases with genome wide paternal UPD associated with a biparentally inherited karyotype is variable but in most cases resembles BWS. This is not surprising, as paternal UPD11p15 in BWS is also mosaic in most cases. So, in contrast to most other imprinting disorders, a reduced level of gene expression for paternal UPD11p15 only seems to be sufficient for inducing a clinical phenotype. Similarly, the two cases with genome wide maternal UPD mosaicism have no features of maternal UPD 7 or 15. 169 170 According to the recommendations of the American Society of Human Genetics, for chromosomes not carrying imprinted genes, generally a minimum of two informative markers per chromosome are accepted for diagnosis of both hetero-and isodisomy. 180 The same should be demanded as a minimum for the diagnosis of segmental or complex UPD. Results of single nucleotide polymorphism (SNP) microarrays should be controlled by classical microsatellite marker investigation-the latter particularly in the light of recent findings of long stretches of homozygosity in cases with normal biparental inheritance, of the high number of copy number variations in the human genome, and of microsatellite marker mutations and/or null mutations. Now knowing this, some UPD cases reported without investigation of both parents may be questioned.
CONCLUSION
UPD remains a fascinating peculiarity of chromosomal segregation in humans. The number of reported cases has considerably increased lately and will further increase, but the knowledge about the reasons and the molecular details of basic mechanisms is still very small. Answers will come from investigation of as many cases with complex chromosomal rearrangements as possible for the mechanisms and time of formation and the presence of UPD. Recurrence risk seems to be so low that invasive prenatal diagnosis is normally not indicated. Furthermore, UPD is an other example of the plasticity of the human genome, which for most chromosomes can tolerate the lack of biparental inheritance. In contrast, a minority of genes expressed irregularly as a result of UPD will lead to severely harmful phenotypes. Figure 2 Major mechanisms of formation of genome wide uniparental disomy (UPD) mosaicism: (A) fertilisation of an egg by one sperm, and irregular reduplication and division of the male pronucleus followed by cell division and diploidisation of the male haploid genome resulting in a cell line with a normal biparentally inherited karyotype and a genome wide uniparental cell line; (B) fertilisation of an egg by two sperms followed by cell division and diploidisation of the haploid male genome; or (C) fertilisation of an empty egg and subsequent diploidisation of the male haplotype as well as of a normal egg with a haploid chromosomal complement by a normal sperm followed by amalgamation of both.
